The present study attempts to change the regime transitions and heat transfer properties in rotating Rayleigh-Bénard convection by injecting ∼100-μm-diam particles in the flow. The particles start settling out of the fluid immediately after injection and separate entirely from the fluid over a period of several hours. The particles deposit on the top and bottom surfaces, forming porous layers with nonideal thermal properties, and, as expected, decrease the heat flux. The reduction in heat transfer is a result of the inability of the layers to respond rapidly enough to fluid temperature fluctuations. However, in the rotation-dominated geostrophic regime, the heat transfer normalized by its nonrotating value is higher in the presence of the particle layers than without them. Direct numerical simulations with ideal heat transfer walls indicate that the temperature fluctuations in the bulk become slower under the damping effect of rotation, in contrast with those in the boundary layers, which do not show any damping until the flow transitions to the geostrophic regime. In this regime, the dominant time scale of the near-wall fluid temperature fluctuations increases substantially as the rotation rate is increased. It is thus likely that the time response of the particle layers in relation to that of the nearby fluid improves only in the geostrophic regime, which is reflected in a relatively larger heat transfer. 
I. INTRODUCTION
Rayleigh-Bénard convection (RBC), the flow between a heated horizontal bottom plate and a 26 cooled parallel top plate, is a canonical system to study buoyancy driven flows. The effect of rotation 27 along an axis normal to the plates has been the focus of numerous studies (e.g., ) as many 28 convective flows in nature [24] and industrial processes [25] are subjected to the effects of rotation.
29
The relevant nondimensional parameters for this system are the Rayleigh, Prandtl, and Rossby 30 numbers, defined as, respectively,
and 32 
Ro
by rotation. The precise values of Ro at transitions between these regimes depend on Ra, Pr, and .
48
The changes in the flow structure also result in corresponding changes in the heat transfer. The Nusselt 49 number in regime I is indistinguishable from its nonrotating value. In regime II, as Ro decreases, Nu 50 rises steadily and reaches a peak at the transition to regime III. This increase in heat transfer has been 51 attributed to the mechanism of Ekman pumping [2, 3, 8] , which draws out more fluid from the bound- regime, presumably due to the increasing damping effect of rotation on the turbulence [4, 17, 26] . the heat transfer; see, e.g., [27] . Researchers have also studied natural convection in the presence 63 of microparticles, but most of them have reported on the particle sedimentation characteristics, 64 e.g., [28] , and the dynamics of particle layers when in suspension, e.g., [29, 30] , but not on the heat We describe the measurement setup and procedures in the next section. In Sec. III we discuss 82 the reduction in Nu under rotating and nonrotating conditions as a result of the greater thermal 83 resistance of the particle layers and also the higher deviations of Nu in the geostrophic regime from 84 its nonrotating values in the presence of particle layers. In Sec. IV we discuss the interplay between 85 the time scales of the particle layers and the near-wall flow that determines the impact of the layers 86 on the heat transfer.
87

II. EXPERIMENTAL SETUP AND MEASUREMENT PROCEDURES
88
Experiments have been performed using the Rayleigh-Bénard setup described in detail in 89 Ref. [31] , a schematic of which is shown in Fig. 1 (not to scale) . The cell is 250 mm tall and 90 has an aspect ratio = 1. The cylindrical Plexiglas sidewall is 10 mm thick and is bounded by 91 30-mm-thick copper plates at the top and bottom. The bottom copper plate is heated by using two 92 12.3-resistors fitted into spiral grooves within it, while the top plate is cooled by recirculating TABLE I. Parameters for all the experiments. The nomenclature of the runs uses P for particles, R for rotation, and the prefix n for negation. For example, nPR3 denotes an experiment with rotation and no particles. For the runs in which the nominal Rayleigh number Ra n is varied, i.e., nPnR, PnR1, PnR2, PnR3, and PnR4, the minimum and maximum values of T , Ra n , and δT (not for nPnR) are specified. For the runs in which Ro is varied at a nominally constant Ra n , i.e., runs nPR1, nPR2, nPR3, PR1, PR2, and PR3, variations in Ra n from the listed values are within approximately 1%. Deviations of T mean from its listed values for all the runs are typically less than 0.1°C. The large variations in Ra layer reflect the variations in the particle layer temperature between top and bottom plates and for different Ra n . The values of e, φ layer , κ layer , and Ra layer have not been included for runs PnR1 and PR1 due to high uncertainty in e. Estimates for κ layer use λ layer values that have been estimated using Eqs. (8) and (9) (also see Fig. 5 ). The decrease in the heat flux is caused by the settling of particles on the horizontal heat transfer 150 surfaces. The injected particles (∼100 μm) are significantly smaller than the kinematic boundary 151 layer thickness, which, according to the Grossmann-Lohse theory [32, 33] , is estimated to be δ ν ≈
152
6 mm for Ra = 2.2 × 10 9 and Pr = 6.4. Thus it is likely that the erupting plumes are not able to 153 resuspend particles that penetrate the near-wall region, 'trapping' them in the boundary layers, and 154 leading to the formation of particle layers on the horizontal surfaces. Visual observations during 155 preliminary measurements without insulation (to provide optical access) indicate that the particles 156 begin to settle on the top and bottom plates immediately after being introduced into the flow. This 157 settling is concomitant with a decrease in the heat flux. The observed settling of the particles into 158 layers can be expected to be faster if the density of the particles departs more from that of water.
159
Note that although the fluid density varies over the flow domain due to the temperature fluctuations, forces. The van der Waals force is active only over distances smaller than a few hundred angstroms, 166 whereas even inside the particle layers, the interparticle surface-to-surface distances are expected 
175
In Fig. 3 we compare the nominal Nusselt number in this steady state Nu φ,n = qH/λ T with 176 that prior to particle injection. The subscript φ indicates quantities measured in the presence of 177 particle layers, while n represents nominal values, i.e., based on the nominal temperature difference
178
T applied between the copper plates and the cell height H . The figure also shows the variation of
179
Nu with Ra for φ = 0 from a separate run nPnR (see Table I is two orders of magnitude larger than the particle volume fraction (φ = 0.09%) and indicates that 185 the heat transport is highly sensitive to the presence of the particles at the heat transfer surfaces.
186
Although not the focus of the present article, it should be noted that the high sensitivity of Nu to the Schematic showing relevant dimensions and thermal properties of copper plates and particle layers. The figure is not to scale. In particular, the thickness of the particle layers is greatly exaggerated.
The sharp decrease in the heat transfer due to the presence of the particle layers indicates that the 194 thermal conductivity of the layers is significantly lower than that of the copper plates. To estimate 195 the layer conductivity, we use the empirical relation for predicting the decrease in Nu due to the 196 finite conductivity of heat transfer plates suggested by Verzicco [35] and an alternate expression proposed by Brown et al. [36] . The equation proposed by Verzicco [35] is
where we have treated the particle layers as plates of thickness e and conductivity λ layer (see infinite conductivity plates since, as will be seen shortly, λ layer λ copper .
205
The equation proposed by Brown et al. [36] is
where a = 0.378, b = 0.488 for D = 24.8 cm, and = 1. In Eqs. (8) and (9) 2δT experienced by the fluid, which differs from the applied one due to the temperature drop δT 210 across each particle layer. The treatment of particle layers as finite conductivity walls assumes that 211 heat is transferred through the layers by conduction alone, which will be shown to be a reasonable 212 assumption in the following paragraphs. Using Eqs. (8) and (9) [or (6) and (7)] and the measured 213 values of e (visually) and q, we can estimate λ layer , and hence δT , for given values of φ and Ra n . FIG. 5. Estimates of particle layer conductivities for different Ra φ,n and particle volume fraction φ (runs PnR2, PnR3, and PnR4). Red and blue symbols represent estimates obtained using Eqs. (6) and (8), respectively. Uncertainty in λ layer as a result of the estimated uncertainty in the measurement of e is typically less than ±50%. Data for φ = 0.023% are not shown since the layer thickness is too small to be determined with reasonable accuracy. For comparison, λ copper ≈ 400 W/m K at 24°C [37] . Figure 5 shows the estimates of λ layer obtained using both sets of relations for different values of 215 Ra n for three particle volume fractions φ = 0.09%, 0.22%, and 1.01% (runs PnR2, PnR3, and PnR4).
216
We do not include conductivity values for φ = 0.023% (run PnR1) because this particle volume in λ layer smaller than 50% and 18%, respectively, over the range Ra n ≈ (6 × 10 8 )-(9 × 10 9 ). Since 221 λ layer can be expected to be constant for a given particle layer, it is evident that Eq. (8) Nusselt number, is largely independent of e. For instance, the uncertainty in δT even for φ = 0.023% 227 is less than 0.5%. To show this insensitivity of δT to the uncertainty in e, we rewrite X B using
Thus, X B , the ratio of the thermal resistance of the fluid to that of the particle layers, is a function 230 only of the temperature differences across the respective media. Furthermore, provided e H
231
(H = 250 mm and e max = 4 mm; see Table I ), H − 2e ≈ H . Thus, it is evident that Nu B also 232 depends very weakly on e and varies only with δT . Hence, the "correct" value of δT , i.e., the one 233 that simultaneously satisfies Eqs. (8) and (9), is independent of e and λ layer . Any variation in the 234 measured value of e results in a corresponding proportional variation in the estimated λ layer , leaving 235 δT = q(e/λ layer ) unchanged. A similar argument can be made for the insensitivity of Nu V and X V to e.
236
Once δT is known, we can calculate the actual values of Nusselt and Rayleigh numbers in the the temperature drop across the particle layers, Nu φ estimates move closer to the ideal values, but 241 remain lower than them, as expected [35] . Also, as the temperature difference experienced by the To justify the use of Eqs. (6) and (8) to estimate λ layer , we now show that the heat transfer within 248 the particle layers is predominantly conductive. The measurement of the layer thickness, and hence 249 its volume, can help us estimate the particle volume fraction in the layer using the known volume of 250 injected particles. For example, for the experiment with φ = 0.09%, the actual volume fraction of 251 the particles inside the layer in the steady state is φ layer = φH/2e ≈ 15%. Thus it can be treated as 252 a porous medium, with permeability [38] 
where = 1 − φ layer is the porosity of the layer, and hence we can calculate the porous Rayleigh 254 number for the particle layer as [38] 255
where κ layer is the effective thermal diffusivity of the particle-fluid mixture in the layer. The specific 256 heat capacity of the particle layer can be estimated from its composition (φ layer ≈ 15% and the presented in Table I . All the results to be presented from here on in this paper utilize Eqs. (8) and (9) 267 to estimate λ layer . (e.g., [6, 8, 13, 16, 26] ). In the following, the data without particles are used as a benchmark to study 277 the effects of the particle layers on the heat transfer.
278
For the experiments with particle injection under rotation, the RB cell is allowed to achieve a 279 steady state at a fixed Ro. Thereafter, particles are injected as the system continues to rotate. However, the period of decay, approximately 1.5 h, is significantly shorter than that without rotation 284 (see Fig. 2 ). Faster settling of the particles can be a result of the damping of the turbulence by rotation.
285
However, it should also be noted that the Ekman pumping mechanism is not able to efficiently lower than that before injection. Thus the substantial decrease in Nu n (or q) with relatively small 292 particle volume fraction is similar to that observed in the nonrotating case.
293
Injections have been carried out for three particle volume fractions φ = 0.023%, 0.22%, and 294 1.01% at the same Ra n ≈ 2.2 × 10 9 and Ro n ≈ 0.2. As with the nonrotating cases, for a given φ,
295
reinjection is not performed to measure data at different Ro. Figure 9 shows the variation of Nu φ,n with decreasing Ro φ,n setting in at a critical Ro φ,n ≈ 2.5, and a further decay for Ro φ,n 0.15.
299
Thus, the qualitative nature of the heat transfer variation in the different flow regimes seems to be 300 unaffected. However, it is clear that for all rotation rates, the nominal Nu with particles is lower than 301 that without and that the reduction in the nominal Nusselt number increases with increasing φ. As 302 expected, the thicker particle layers offer more resistance to the heat transfer as φ increases.
303
Similar to the analysis presented in the previous section, we estimate and account for the 304 temperature drop across the particle layers in order to compare the results with particles to those 305 without.
306
(i) For each φ, we estimate λ layer using Eqs. (8) and (9) Variation of Nu φ with Ro φ (squares) for three particle volume fractions φ (runs PR1, PR2, and PR3). Circles of the corresponding colors represent Nu(Ra φ ,Ro φ ), which is obtained using interpolation of the Nu(Ra,Ro) data from runs nPR1, nPR2, and nPR3 (see Fig. 7 ), as explained earlier in this section.
(ii) For each φ, due to the temperature drop across the particle layers, the values of Ra φ are are significantly smaller than those in Fig. 9 . Furthermore, the differences in Fig. 10 are larger at 321 low rotation rates and decrease as Ro φ decreases. Thus, the deterioration in heat transfer due to the 322 particle layers becomes weaker at high rotation rates. i.e., in regimes I and II. However, at higher rotation rates, the normalized Nusselt numbers with Rossby number for the onset of increase in Nusselt number, i.e., Ro c ≈ 2.5 [7] , remains unchanged.
352
However, the peak in Nu φ /Nu φ (Ro φ = ∞), assumed to indicate the transition to the geostrophic 353 regime, is delayed to lower Ro. Furthermore, the reduction in Nu due to the presence of the particle 354 layers is weaker in the geostrophic regime (Fig. 10) . As a result, the normalized Nusselt number
355
Nu φ /Nu φ (Ro φ = ∞) shows a positive deviation from the φ = 0 values at high rotation rates (Fig. 11) .
356
This deviation increases with increasing particle volume fraction and decreasing Ro (Fig. 12) .
357
IV. DISCUSSION
358
There have been a few previous studies on the effect of walls of finite conductivity on the heat 359 transfer in RBC, e.g., [35, 36, 42] . They have shown that Nu decreases as the thermal resistance
360
(∼e/λ wall , where λ wall is the thermal conductivity of the wall) of the walls increases in comparison
361
to that of the fluid and the effects are more pronounced at high Ra as the fluid thermal resistance 362 becomes small. These findings are in agreement with the present observations for nonrotating RBC 363 in the presence of particle layers that have nonideal thermal properties (see Fig. 6 ). However, the 364 effect of the particle layers leads to a smaller reduction of Nu in the geostrophic regime, which is 365 manifested as a positive deviation from Nu/Nu(Ro = ∞) for φ = 0 (Figs. 11 and 12 ).
366
One approach to explain the decrease in Nu in the presence of nonideal walls is to compare the 367 response time of the wall or the particle layer (τ layer ∼ e 2 /κ layer ) to the characteristic time scale of the 368 flow τ f [35] . If τ layer τ f , i.e., the thermal response of the wall is rapid enough, the wall is able to
369
maintain an approximately constant surface temperature in response to fluid temperature fluctuations.
370
However, as τ layer becomes comparable to τ f , the wall is not able to supply the heat demanded by the have been reported in Ref. [43] . We have performed the simulations with ideal isothermal horizontal 378 walls since the DNS code cannot simulate the thermal dynamics in the interior of a nonideal wall.
379
The simulated system will thus differ somewhat from that with nonideal walls. As such, we use the The estimate for the characteristic frequency scale of the particle layer for run PR3 (φ = 1.01%), quantify the damping effect, we calculate the weighted mean time scale of temperature fluctuations Fig. 15 . Boubnov and Golitsyn [44] found that the 
415
It is important to note that the flow structure in the presence of a nonideal heat transfer wall can 416 be different from that of an ideal surface, as shown by Verzicco [35] . Furthermore, the effect of wall 417 porosity on the dynamics of the Ekman vortices is unknown for the particle layers in the present 418 experiments. However, the strong similarity between the trends for the near-wall τ 0 in Fig. 15 and 419 those for Nu φ for φ = 1.01% in Fig. 12 (Fig. 15) indicates that τ 0 close to even an ideal wall is insensitive to the Ekman pumping mechanism, 424 which becomes stronger with decreasing Ro in regime II. Thus, any changes to the Ekman vortices 425 caused by a porous wall may also be expected to have only a minor influence on τ 0 in the boundary 426 layers. Note that in regime III, τ 0 at z = δ T seems to scale as Ro −1 (blue dashed line in Fig. 15 ).
427
However, we currently do not have a scaling argument to explain this behavior.
428
To recapitulate the above discussion, DNS with isothermal heat transfer walls show that the pumping mechanism increases the vertical velocity fluctuations at the boundary layer edge [7] , it is 455 unable to contribute significantly to the resuspension of the settling particles and in turn formation 456 of a stable suspension. Since the thermal conductivity of the particle layers is significantly lower 457 than that of the copper walls, they offer greater thermal resistance and thus decrease the Nusselt
458
number. This decrease in heat transfer can also be viewed as a consequence of the slower response 459 of the particle layers to fluid temperature fluctuations and has been observed before for nonrotating 460 natural convection over nonideal walls [35, 36] . Although the behavior of the normalized Nu, i.e.,
461
Nu(Ro)/Nu(Ro = ∞), remains unchanged in regimes I and II, the particle layers delay the transition 462 to the geostrophic regime III. Furthermore, the normalized Nu in this regime is higher than that 
